The behavior of metallic structured perovskite-based catalysts was evaluated in the combined methane reforming reaction with CO 2 -O 2 . The reaction conditions were established by varying the reaction temperature and reactor input composition in the range of 650 to 850˚C and CH 4 /CO 2 ratio 1 to 5, respectively. The results of the catalytic tests at 750˚C showed a positive effect of the metallic structure, producing higher conversions and H 2 /CO ratios in the products compare to that obtained with the powder catalyst.
Introduction
Catalytic steam methane reforming (SMR) is the principal commercial technology for syngas production [1] [2] [3] . This process has the advantage of using natural gas as feedstock, which is an abundant material available at low cost, in addition to producing a high H 2 /CO ratio, according Equation ( 
Since this reaction (Equation (1)) is highly endothermic, it is necessary to use high temperature and pressures. These severe reaction conditions cause catalyst deactivation due to carbon deposits on the catalyst surface. The possibility of combining exothermic oxidation of methane (Equations (2) and (3)) with the SMR has emerged as an alternative to overcome this disadvantage. The purpose is to provide the heat required by the endothermic reactions, from the heat released by the exothermic reactions [4] [5] [6] . In the same way, methane reforming with carbon dioxide, known as dry methane reforming (DMR), to produce syngas with a H 2 /CO ratio equal to unity (Equation (4)), is one of the methods that utilize one the major greenhouse contributor. There are abundant reserves of natural gas with significant proportions of CO 2 , which can serve as raw material to the process of dry methane reforming. The combination of DMR and dry methane oxidation (Equations (2) and (3)) is known as combined methane reforming. Recently this subject has been a matter of increasing interest as observed by the large number of publications [7] [8] [9] [10] . 4 
Combination of exothermic and endothermic reactions is a very important accomplishment to obtain temperature compensation of the process. A new approach presented by several authors is based in the use of structured metal carriers instead of random ceramic supports. The new carriers with open structures allow achievement of higher heat transfer coefficients and lower pressures drop [11] [12] [13] .
Oxygen addition to DMR reduces carbon deposition on the catalyst surface and increases methane conversion. Similarly, the type of catalyst used could also inhibit coke formation. In this sense, the use of perovskite type oxides emerge as an alternative since after reduction it is possible to produce highly disperse metallic particles, diminishing deactivation of the catalyst by suppressing the coke forming reactions [14] [15] [16] [17] [18] . However, the refractory character of heat conduction in perovskite oxides could be disadvantageous to the combined processes. The use of metallic structures as carriers of catalysts has arisen as a way to achieve a better heat transfer in the catalytic bed.
In this work, we present the results of combined methane reforming with CO 2 and O 2 , using metallic structures similar to a commercial packing, as supports for LaNiO 3 perovskite-type oxide. The performance of these systems is compared to the unsupported catalyst.
Experimental

Catalyst Preparation and Characterization
The studied LaNiO 3 perovskite-type oxide was synthesized using a modification of the citrate sol-gel method [19] . Adequate amounts of the cationic precursors (La and Ni) were dissolved under vigorous stirring in a solution of citric acid (Riedel-de Haen) with an equal proportion of ethylene glycol (Riedel-de Haen) as the organic polydentate ligand. The formed gel was subjected to evaporation at 80˚C; then the gel was heating to 200˚C at a rate of 0.5˚C/min. At this temperature a flow of oxygen was incorporated and the heating was continued to 400˚C at a rate of 1˚C/min.
Solids were characterized by several techniques such as X-ray diffraction (XRD) using a Bruker AXS D-8 Advance diffractometer with a Co k radiation, for crystalline phase detection between 20˚ and 80˚ 2. JCPDS-ICDD standard files software was used to determine the phases. The IR spectra were recorded in a Nexus FT-IR 470 spectrometer in the range 1200 -400 cm -1 . The surface area was measured by a single-point BET procedure using nitrogen-argon adsorption at -196˚C with a N 2 /Ar ratio of 30/70 on a Micromeritics Model ASAP 2010. The images of scanning electron microscopy (SEM) were taken with a Hitachi S-500 microscope, operated at 20 keV and 50 mA. Chemical composition was determined by electron probe microanalysis on an EDX detector Kevex 7000 System. The temperature programmed reduction analysis (TPR) was carried out in a ThermoQuest TPD/TPR 1100 system using about 50 mg of the sample in 8 vol% H 2 /92 vol% Ar stream (20 mL/min). The temperature was raised from room temperature to 120˚C at a rate of 10˚C/min, then holding it for 15 min to remove any adsorbed water, and raised again up to 1000˚C for 2 h.
The metal structures were hand manufactured with a form similar to the commercial packing Mellapak ® of Sulzer (Figure 1(a) ) [20] , using strips of 316 stainless steel 100 mesh (Figures 1(b) and 1(c) ). These structures were acid treated by 24 h at room temperature, to produce a rougher surface and thus improve catalyst adhesion. The incorporation of the perovskite-type oxide to the metal structure was carried out after evaporation at 80˚C; where the viscosity of the sample allows a better adherence. The immersion method was used to impreg- nate the metal structure with the perovskite-type oxide [21] . The structured catalyst was examined by scanning electronic microscopy (SEM).
Activity Tests
Catalytic tests were carried out in a fixed bed continuous flow system with a stainless steel reactor. Before the catalytic tests, the solids were reduced in H 2 flow (50 mL/min, T = 800˚C, 8 h). After reduction, the system was swept with Ar for 30 min and adjusted to reaction temperature. The reaction was carried out at atmospheric pressure between 600˚C and 800˚C, 24 Lh -1 ·g -1 hourly space velocitie with a molar ratio CH 4 /O 2 = 2 for the combine reforming [15, 22] . The water produced during reaction was condensed before passing the reactor outflow to the analyzing system, which consisted of an on-line gas chromatograph (Varian 3300) equipped with a TCD detector and provided with a Carbosieve SII 80/100 column. The CH 4 and CO 2 conversions are defined as the CH 4 and CO 2 converted per total amount of CH 4 and CO 2 fed, respectively. The total conversion (%X i ) was calculated according to Equation (5), from the values of areas (Ai) with nitrogen as a reference compound. The subscripts "s" and "e" refer to the flows in and out of the reactor, respectively.
The H 2 /CO molar ratio of the reaction products was determined using Equation (6) , with the previously evaluated response factors, f.
Results and Discussion
Catalysts Characterization
IR and XRD analyses were performed to verify formation of the perovskite-type structure. The IR spectra of the synthesized solids showed two broad bands characteristics of ABO 3 mixed-oxide centered at 420 and 523 cm -1 . Their positions are in good agreement with those reported in the literature [15, 18] . The BET specific surface area of the synthesized perovskite, measure after calcined was 8 m 2 /g. This value is typical for perovskites synthesized by the citrate sol-gel method [15] . The XRD pattern of synthesized perovskite shown in Figure 2 , reveal the presence of crystalline LaNiO 3 . A notable change was observed in the XRD pattern of the reduced perovskite, as shown in Figure 3 . After reduction, structural breakdown of the perovskite occur producing Ni 0 , La 2 O 3 and La(OH) 3 .
The TPR profile of LaNiO 3 perovskite-type oxide is shown in Figure 4 . A first hydrogen consumption peak at ~400˚C, attributed to reduction of Ni 4+ species to Ni 2+ is observed. The second hydrogen consumption peak appears at ~500˚C, assigned to reduction of Ni 2+ to Ni 0 , in agreement with a stepwise reduction.
The chemical composition of stainless steel mesh used to elaborate the metal structures, was determined by SEM coupled with EDX. The main components were Fe (68%) and Cr (19%), followed by Ni (6%), Si (3%), Al (3%) and Mn (2%).
The SEM micrographs (Figures 5(a) and 5(b) ) showed the roughness achieved by the acid treatment performed. Figure 5(c) shows an image of the LaNiO 3 perovskite-type oxide on the structure, and Figure 5(d) shows an image of the powder perovskite-type oxide. A morphology that could be described as "flakes" was observed for supported and powder perovskites-type oxides. The adherence of the powder perovskites-type oxides on the metal structure was evaluated by immersing it in ethanol with ultrasonic bath for 15 min, obtaining a 97% adherence. 
Catalytic Tests
The results of catalytic tests of the methane combined reforming with CO 2 and O 2 as a function of reaction temperature are shown in Table 1 . The temperature was varied between 650˚C and 850˚C, with intervals of 50˚C, using 300 mg of LaNiO 3 structured catalyst with CH 4 /CO 2 /O 2 molar ratio of 2/1/1. At 650˚C, after a 12 h induction period, a 67% methane conversion was obtained. At the beginning of the reaction, oxidation of metallic nickel could occur due to the high affinity between Ni and O 2 [23] ; which is then progressively reduced by the H 2 produced in the reforming reaction, until stability is reached. 100% oxygen conversion was obtained during the entire tests, due to the fact that oxidation reactions are thermodynamically and kinetically favored [24] . An increase of methane and CO 2 conversion with increasing temperature was obtained, as shown in Table 2 . The consumption of methane by oxidation and CO 2 reactions (Equation (4)) can explain the higher methane conversion observed compare to CO 2 conversion, the last one being favored at temperature above 700˚C, due to its endothermic nature. H 2 /CO molar ratio in the reaction products remained around 1.4. A second experiment at 750˚C was performed varying the CH 4 /CO 2 molar ratio in the input stream between 1 and 5, as shown in Table 2 .
It is observed ( Table 2 ) that the methane conversion increases with increasing the CH 4 /CO 2 ratio, while a maximum for the CO 2 conversion was attained at a CH 4 /CO 2 ratio of 4. A higher H 2 /CO ratio was also obtained for this CH 4 /CO 2 ratio. Carbon formation without catalyst deactivation was observed during this experience. The carbon formed is presented as elongated filaments, as analyzed by SEM (Figure 6(a) ), similar to those observed by Rynkowski et al. [25] . 
Figure 5(b)
shows an image of the structured catalyst after reaction; when it is compared to the catalyst before reaction (Figure 5(c) ) it can be observed that the structure is more opaque and that it has a layer of a denser solid. The solid layer coating the structure after reaction can be attributed to formation of lanthanum dioxomonocarbonate (La 2 O 2 CO 3 ), whose characteristic lines were observed in the XRD pattern of the catalyst after reaction (Figure 7) .
The combined methane reforming with CO 2 and O 2 , involves a complex set of reactions, where the predominance of a given reaction depends on the catalyst and reaction conditions. In addition to the reactions 1 to 4, the following reactions may occur: 
Several possibilities have to be considered to analyze the observed results:
In the case of CH 4 /CO 2 = 1 ratio, the proportion of CO 2 in the input stream to the reactor is higher than the oxygen proportion (CH 4 /O 2 = 2). However, combustion reactions occur (Equations (2) and (3)) because they are kinetic and thermodynamically favored. The reforming of methane with CO 2 (Equation (4)), also is promoted due to the high temperature and high concentration of CO 2 . The reaction conditions also favor the reverse water gas shift reaction (Equation (7)) and methane cracking (Equation (9)). Thus if under these conditions, reactions (2) + (3) + (4) + (7) + (9) are predominant, the overall reaction can be represented by Equation (10), with a H 2 /CO = 1.25 ratio, comparable to the experimental value obtained.
For the CH 4 /O 2 = 2 molar ratio, the value obtained for the H 2 /CO ratio in the products suggests the combination of reactions (3) + (4) + (1) + (7)+ (8) to give the global reaction represented by Equation (11) . The H 2 /CO = 1.47 ratio obtained is comparable to the H 2 /CO ratio according to the Equation (11).
For CH 4 /CO 2 = 4 ratio, the highest H 2 /CO molar ratio (1.92) was obtained. Under these conditions the occurrence of Reactions (1-4) and (7) (8) are favored, giving rise to the overall reaction represented by Equation (12) . The H 2 /CO ratio for this Equation is 2, in good agreement with 1.92 obtained experimentally.
The CH 4 /CO 2 ratio equal to 4 implies a higher amount of CH 4 compared to CO 2 . In this case the oxygen proportion is lower than that of CO 2 , which can favoured oxidation reactions producing a higher proportion of H 2 O and CO 2 . As a consequence, the contribution of Reactions (1) and (4) is stronger, giving raise to a higher H 2 /CO ratio in the reaction products. The molar ratio for 4/1/2 CH 4 /CO 2 /O 2 was selected to compare the performance of the structured catalyst with respect to the powder catalyst.
Structured and Powder Catalytic Tests
Results of the catalytic tests for both structured and powder catalysts are shown in Figure 8 , at 750˚C and CH 4 /CO 2 /O 2 molar ratios of 4/1/2. A significant improvement in the conversion of CH 4 and CO 2 over the structured catalyst was obtained; in addition, the induction period required by the powder catalyst was not required on the structured catalyst. During the first 20 h of time on stream, negative conversion values of CO 2 were obtained, because proportion of CO 2 produced from total combustion (Equation (3)) is higher than the consumed CO 2 . On the other hand, H 2 /CO molar ratio in reaction products was 1.94; this value is higher than the H 2 /CO ratio obtained with the powder catalyst, which was 1.64.
The purpose of the metal structure is to take advantage of improving heat transfer in the catalytic bed. Thus, the increase of catalytic activity can be attributed to better employment by endothermic reactions such as reforming of methane with CO 2 and H 2 O of the heat released by exothermic reactions. Moreover, the shape of the structure could allow a greater contact between the catalyst and reagents.
The catalytic stability of the structured catalyst was evaluated during 52 hours on stream. Results are shown in Figure 9 ; after 24 hours the catalyst seems to reach steady-state conditions, the conversion of methane and CO 2 remain in average values of 90 and 60% respectively, and the H 2 /CO ratio in reaction products was close to 2. The catalyst stability despite carbon formation has been attributed to the formation of La 2 O 2 CO 3 during the reaction [26] , according to XRD pattern of the solid after reaction such as shown in Figure 7. 
Conclusions
The LaNiO 3 perovskite-type oxide was obtained as a Figure 9 . Catalytic stability test of structured catalyst. pure highly crystalline phase, which after reduction presented major structural changes, giving rise to well disperse nickel metallic particles on a lanthanum oxide and hydroxide matrix.
An adherence of 97% of the perovskite-type oxide to the metallic surface was achieved by means of the acid treatment carried out to the metal structure the immersion procedure used in the preparation of the structured catalyst.
The system studied is complex and involves several reactions that depend largely on the composition of the feed to reactor, as well as of the catalyst and the operational reaction conditions employed.
A positive influence of the metallic structure in the combined methane reforming reaction with CO 2 -O 2 was observed. The stability of the structured catalyst was higher compared to that observed for the powder catalyst. In addition, no induction period was required for the structured catalyst.
